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The kinetics of several poplar (Populus alba L.) wood properties during ther-
mal modification conducted in conventional oven with air recirculation were
analysed and modelled in this paper. A wide range of properties was assessed,
such  as:  equilibrium moisture  content,  sorption  diagram,  shrinkage  coeffi-
cients,  specific  shrinkage  coefficients,  mass  loss,  modulus  of  elasticity,
strength and colour. The tests were executed at different temperatures rang-
ing from 90 °C to 180 °C and with different durations. The time-temperature
equivalency  was  checked  and  property  modifications  over  time  analysed
through master curves in order to obtain a general model connecting together
properties, treatment temperature and duration. Different activation energies
arising from each property evolution with treatment temperature and duration
are provided showing that every modification could occur with different kinet-
ics.
Keywords:  Poplar  Wood  Modification,  Heat  Treatment,  Time-temperature
Equivalency, Energy of Activation, Kinetic Analysis, Mechanical Properties, Hy-
groscopicity, Wood Colour
Introduction
The  heat  treatment  of  wood  involves
chemical  and  physical  changes  that  im-
prove some properties such as dimensional
stability,  decay resistance,  and aesthetics,
while  simultaneously  leading  to  cell  wall
degradation (Matsuo et  al.  2016).  The ef-
fects of heat treatments can be beneficial,
and classified as “thermal modification”, or
detrimental, then classified as “thermal de-
gradation”.  Since thermal modification in-
duces  wood  degradation,  the  treatment
conditions must be optimized to enhance
the  positive  effects  while  mitigating  the
negative  ones  (Matsuo  et  al.  2016).  Be-
cause heat treatment involves a large num-
ber of variables such as temperature, time,
and type of atmosphere and treatment se-
quence, a large number of methods were
developed over the years, and a consider-
able research is still on-going to get a bet-
ter  understanding  of  the  reactions  in-
volved. As a consequence, many treatment
technologies are actually  available on the
market (Rapp 2001,  Johansson 2005), and
the  general  principles  of  wood  thermal
degradation are well  documented in text-
books such as Navi & Sandberg (2012) and
Hill  (2006). The whole field of  thermo-hy-
dro processing of wood was subjected to
large review papers such as  Esteves & Pe-
reira  (2009) and  Sandberg  et  al.  (2013);
those studies make partially  the point on
the different  effects  of  thermal  modifica-
tion on properties.
A promising field of application for ther-
mal modification is to consider the artificial
aging  of  wood  for  special  applications  in
cultural  heritage.  Many  questions  about
the behaviour of  wooden material  during
aging  are  still  unanswered;  wood  re-
searchers are more and more investigating
cultural  heritage problems (Marcon 2009,
Dureisseix  &  Marcon  2011).  Indeed,  be-
cause it is often impossible to perform me-
chanical  tests  on  wood from the  cultural
heritage, it is practically very difficult to de-
scribe the effect of aging on wood. More-
over, the previous conditions of any given
specimen  of  historical  wood  is  usually
poorly  documented  and  can  only  be
guessed.  Actually,  it  is  well  known  that
aged wood and freshly cut wood have sig-
nificant  hygro-mechanical  differences  (Es-
teves  &  Pereira  2009,  Enayati  &  Taheri
2012).  The  only  alternative  to  destructive
tests on cultural heritage artefacts, to get
information about aged wood, is to make
artificial  aging  via thermal  modification
(Obataya et al. 2006). Previous works con-
ducted  in  Japan  (RISH  Institute  and  Tsu-
kuba University) have shown similarities in
colour  properties between naturally  aged
wood and thermally modified wood (Mat-
suo et  al.  2011,  2016).  These studies were
mainly carried out on Japanese softwoods
traditionally  used  in  construction.  Other
studies  consider  thermal  modification  as
very close to natural aging (Froidevaux et
al. 2012, Ganne-Chédeville et al. 2012). As a
first coarse approximation thermal modifi-
cation in conventional oven seems to pro-
duce  similar  results  than  natural  aging;
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however,  the physical  properties  of  aged
wood depends also on its hygroscopic his-
tory  (Endo et  al.  2016).  Strictly  speaking,
oven-heated  wood  is  partially  different
from naturally-aged wood because natural
ageing proceeds at moderate relative hu-
midity and not at a dry state. In addition,
chemical  reactions  induced  by  heating
above 150 °C seems to be qualitatively dif-
ferent from those below 150 °C, according
to Ganne-Chédeville et al. (2012).
The data summarized in this study will be
useful for modelling and simulating poplar
wood modification process by heat treat-
ment.  Until  now,  several  scientific  works
used  general  energies  of  activation  to
model the kinetic of mass-loss during dry-
ing process (Chaouch et al. 2013, Pétrissans
et al. 2014, Candelier et al. 2015). The mass
loss is widely considered as a good indica-
tor  of  mechanical  performances  (Pétris-
sans et al.  2014) and durability against in-
sects (Candelier et al. 2016,  Gérardin 2016)
and  fungal  attack  (Kamdem  et  al.  2002).
Nevertheless,  considering  all  properties
changes  at  the  same  moment  with  the
same  rate  is  not  satisfying;  the  present
work  will  enhance  the  understanding  of
wood  properties  evolution  during  heat
treatment  using  objective  descriptors  al-
ready exposed in a previous work (Goli et
al. 2014) on mass loss, but here extended
to  other  physical  and  mechanical  proper-
ties.
Material and methods
Specimens preparation and 
conditioning
The wood used for this study was Italian
Populus alba  L. with a density (ρ) of about
0.34 ± 0.02 g cm-3 at standard environmen-
tal conditions, 20 °C of temperature (T) and
65% of relative humidity (RH). The annual
ring  width  was  10  ±  2  mm  and  the  esti-
mated age of the tree 30 years. In order to
investigate the moisture relations, physical
and  mechanical  properties  of  unmodified
and thermally modified wood material, dif-
ferent  types  of  specimens were cut  from
heartwood following the anatomical orien-
tations: longitudinal (L), radial (R), tangen-
tial (T). A series named L-samples measur-
ing  120  (L)  by  20 (R)  by  2  (T)  mm3 were
used to  assess  the colour  variation in LR
plane  and  the  bending  stiffness  and
strength in L direction. A series named R-
samples measuring 2 (L) by 60 (R) by 10 (T)
mm3 were used to assess the bending stiff-
ness in R direction. Finally a series named
RT-samples measuring 3 (L) by 40 (R) by 40
(T) mm3 were used to assess the R and T
shrinkage.  A  detailed  description  of  the
specimens is given in Tab. 1.
Out  of  the  total  amount  of  specimens
prepared  (480  L-samples,  600  R-samples,
and 175 RT-samples), a selection was done
by  removing  from  the  experiment  the
specimens with a specific modulus of elas-
ticity (sMOE) above or below the value of
sMOE ± σ, ending to reduce the number of
samples to 288 L-samples,  314 R-samples,
and 110 RT-samples.
Thermal modification
The specimens were kept for 3 weeks at
environmental standard conditions (20 ± 2
°C and 63 ± 2% RH with NaBr salt powder in
excess  in  distilled  water).  To  determine
their dry mass before the thermal modifica-
tion they were dried at 60 °C in a vacuum
oven with P2O5 salts for 24 to 48 hours de-
pending  on  their  dimensions.  The  dried
specimens were then thermally modified in
a ventilated oven at four different temper-
atures: 90, 120, 150, and 180 °C. The 90 °C
thermal  modification  treatment  is  a  very
mild treatment that can be very helpful to
understand if other reactions take part at
higher temperatures or if the model can be
extended at lower temperatures. Goli et al.
(2014) studied the effect  of  air  exchange
rate  (AER)  on  the  modifications  kinetic
(mass loss); the heat treatments presented
in  this  study  had  been  performed  at  the
same air exchange rate, AER = 220 AE day-1.
The  treatments  schedule  is  presented  in
Tab. 2 and it was developed on the base of
a  time/temperature  equivalence  assump-
tion, where a 10 °C increase in temperature
results  in  dividing  the  treatment  time
by  two  as  largely  reported  in  literature
(Stamm 1956, Dlouhá et al. 2009).
At  90  °C  a  treatment  period  up  to  7.5
months was scheduled while at 180 °C only
168 hours (1 week) were necessary, show-
ing the large sensitivity of the process to
temperature. It is important to notice that
most of the properties given in the follow-
ing sections are measured at oven dry con-
dition.  Only  equilibrium  moisture  content
(EMC)  and  shrinkage  coefficient  involved
tests at different moisture contents.
Colour measurement
At  each  treatment  step  the  colour  was
measured on the oven-dry samples using a
Konica  Minolta  CM-2600d  device  and  ex-
pressed  with  CIE-L*a*b*  system.  The  pa-
rameters  L*,  a*, b* and ΔEab* under a D65
light source and an observation angle of 10°
are reported (see  Fig.  1c).  The measuring
area was  a  circle  of  8 mm diameter.  The
colour measurement was done only for L-
samples  on  the  tangential  face.  On  each
specimen three measurements were done
in three different locations and averaged.
The variation of ΔL* , Δa*, Δb*, and the to-
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Tab. 1 - Main properties of the unmodified material at oven dry conditions (0% MC).
Properties Variable
Series
L-samples R-samples RT-samples
Sa
m
pl
e 
C
ha
ra
ct
er
is
ti
cs
Dimensions (mm, L×R×T) 120×20×2 2×60×10 3×40×40
No. of samples 288 314 110
ρo (g cm-3) 0.31 ± 0.03 0.31 ± 0.02 0.29 ± 0.01
MOEod (GPa) 8.57 ± 0.72 0.66 ± 0.06 -
sMOEod (GPa kg m-3) 27.30 ± 1.00 2.12 ± 0.11 -
MORod (MPa) 93.90 ± 11.40 10.78 ± 0.93 -
sMORod (MPa kg m-3) 0.30 ± 0.02 35.00 ± 2.00 -
L*od 83.00 ± 1.50 - -
a*od 5.00 ± 0.90 - -
b*od 19.20 ± 1.70 - -
βS0-85%RH_R - - 0.13 ± 0.03
βS0-85%RH_T - - 0.20 ± 0.02
βS0-85%RH_L - - 0.03 ± 0.01
M
ea
su
re
d
Pr
op
er
ti
es
Colour Yes No No
Mechanical tests Yes Yes No
Dimensions Yes Yes Yes
Mass Yes Yes Yes
Swelling coefficients No No Yes
Moisture content No No Yes
Sorption curve No No Yes
Tab.  2 -  Schedule  of  thermal  modifica-
tion performed in ventilated oven.  (a):
about  7.5  months;  (b):  about  5.5
months;  (c):  about  1  month;  (d):  one
week.
-
Temperatures (°C)
90 120 150 180
Th
er
m
al
 m
od
if
ic
at
io
n 
du
ra
ti
on
 (
h)
 
311 43 4 0.5
643 66 9 1
1056 139 20 2
1539 209 26 3
2569 338 44 5
3602 - 60 7
5542(a) 643 82 -
- 811 100 13
- 980 130 -
- 1171 166 23
- 1539 214 31
- 2323 334 36
- 3072 411 51
- 3842(b) 504 62
- - 600(c) 78
- - - 103
- - - 127
- - - 168(d)
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Kinetic analysis of thermal modified poplar wood
tal  colour  variation  ΔEab*  were  calculated
using  the  following  formulas  (Bekhta  &
Niemz 2003,  Matsuo et  al.  2016 – eqn.  1,
eqn. 2): 
(1)
(2)
where L* is the lightness, a* and b* are the
colour  coordinates  and “0” (in  subscript)
indicates the reference values obtained as
the  average  of  the  288  untreated  speci-
mens before  heat  treatment  and in  oven
dry state.
Physical properties assessment
Samples  dimensions  in  oven  dry  state
were measured before and after the ther-
mal modification by a self-designed appara-
tus implying Mitutoyo digital  gauges with
0.001 mm of accuracy and dedicated spin-
dle lifting cables to enhance test repeata-
bility. The mass was determined by an ana-
lytical  balance with 0.001 g accuracy.  The
dimensional  variations  during  the  treat-
ment in the different  anatomic  directions
was measured at dry state,  while the dry
mass losses determined as a relative mass
loss from the initial value. The variation of
density was also computed from mass and
dimensions measurements.
Moisture relations assessment
The  moisture  relations  is  studied  with
two main purposes: to determine sorption
isotherms of the modified material as well
as the shrinkage coefficients. The sorption
isotherms were determined for RT-samples
using boxes at constant (20 °C inside a cli-
matic  chamber)  and  four  RH  levels:  35%,
52%, 63% and 85% obtained by salt dissolu-
tion technique as from  Young (1967 – see
Tab. 3 for details on the salts used).
The dry mass used as reference was ob-
tained after a stage at 60 °C in a vacuum
oven with P2O5 salts for 24 to 48 hours de-
pending  on  the  dimensions  of  the  speci-
mens and measured at 20 °C. At the differ-
ent conditions, once the equilibrium mois-
ture  content  was  reached  (this  was
checked  by  verifying  the  stability  of  the
mass),  the  equilibrium  moisture  content
(EMC) was determined according to eqn. 3:
(3)
with  m(%RH) and  mod are the weight of  the
samples  at  the  given  RH  and  oven  dry
state, respectively. The swelling coefficient
(β)  and  the  specific  shrinkage  coefficient
(βS)  were  determined  considering  the  di-
mension at the various  EMC levels at 20 °C
and the dimension at  dry  state and com-
puted according to eqn. 4 and eqn. 5:
(4)
(5)
where  dimR%RH is the measured dimensions
of the RT-specimens in the given anatomi-
cal  direction (here R stands  for radial)  at
the equilibrium state with the different rel-
ative  humidity  conditions  at  20 °C,  dimRod
are the same specimens measured at oven
dry state, and  EMC(RH) is the moisture con-
tent  determined  at  the  different  equilib-
rium conditions. The isotherms were mod-
elled using the Guggenheim, Anderson and
Boer-Dent (GAB) expression. This model is
particularly appropriate for food materials
and  widely  used  for  multi-layer  materials
such as wood (Bratasz et al. 2011). GAB sys-
tem general equation is reported in eqn. 6:
(6)
where EMC is the equilibrium moisture con-
tent, RH is the relative humidity, and wm, K,
and C are the three free parameters charac-
terizing sorption.
Mechanical assessment
Control (un-treated) and thermally modi-
fied samples were mechanically tested us-
ing  a  three-points  bending  test  (environ-
ment condition of 24 °C and 50 ± 10% RH)
iForest 11: 131-139 133
Fig. 1 - (a) Colour evolu-
tions due to the heat treat-
ments performed mea-
sured under a D65 light 
source and an observe 
angle of 10°. (b) Colour evo-
lution on samples treated 
at 180 °C depending on the 
time of treatment (in 
hours). (c) 3D representa-
tion of the CIE L*a*b* 
colour space. Markers are 
the experimental colour 
measurements and the 
lines are the application of 
the model proposed.
Tab. 3 - Salts and environmental conditions used for the construction of the sorption
isotherms and the computation of shrinkage coefficients.
Techniques Temperature (°C) Relative humidity Duration (days)
Vacuum oven-drying + P2O5 60 ≈ 0% > 1
MgCl2 salt in excess 20 35% >14
Climatic chamber Memmert© 20 52% >7
NaBr salt in excess 20 63% >14
KCl salt in excess 20 85% >14
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ΔEab
*
=√Δ L*2+Δ a*2+Δb*2
EMC (%RH )=
m(%RH )−mod
mod
⋅100
β R∨T∨L=
dimR∨T∨L
%RH −dimR∨T∨L
od
dimR∨T∨L
od ⋅100
ΔL*=L*−L0
*
Δ a*=a*−a0
*
Δ b*=b*−b0
*
β R∨T∨L
S
=
β R∨T∨L
EMC( RH )
EMC (RH )=wm
C⋅K⋅RH
(1−K⋅RH )(1−KH +C⋅K⋅RH )
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with an Instron© material  testing machine
at oven-dry state. The mass of the tested
samples  was  measured  before  and  after
the  bending  test;  the  moisture  content
variation through the test was lower than
2%. The tests were performed with a cross-
head speed of  5 mm min-1.  The following
properties  were  determined:  the  Young’s
modulus (MOE) and the strength (MOR) in
L and R directions, the breaking strain (εm)
and the breaking energy (W).
Kinetic analysis
It is widely accepted that the classical Ar-
rhenius  law  suits  very  well  for  the  time-
temperature  equivalence  analysis  (Struik
1978,  Herrera et  al.  1986,  Gillen & Clough
1989, Hutchinson 1995, Dlouhá et al. 2008,
Goli et al. 2014). The Arrhenius law in classi-
cal format is reported in eqn. 7:
(7)
where  k is  the  rate  constant  (dimension-
less) of the chemical reaction considered,
AT is the pre-exponential factor (dimension-
less) with temperature dependency, Ea the
apparent activation energy (in kJ mol -1), R =
8.314 J mol-1 K-1 is the universal gas constant
and  T the absolute temperature (in °K) of
the reaction. Considering the pre-exponen-
tial factor as a constant usually gives quite
good results. This assumption leads to a lin-
ear variation in the Arrhenius plots as used
for example in Goli et al. (2014). To improve
the accuracy of the method some modified
Arrhenius  law  were  proposed  to  express
the temperature dependency, as in Brown
(1982) and  Herrera  et  al.  (1986) who
showed a bi-linear law instead of the wide-
ly used linear one and a constant pre-expo-
nential  factor,  or  in  Dlouhá  et  al.  (2009)
who added a softening effect with temper-
ature. A non-constant pre-exponential fac-
tor is then introduced by (Laidler 1996) as
shown in eqn. 8:
(8)
where the pre-exponential factor A is here
a constant and the temperature power n is
an  empirical  dimensionless  constant  typi-
cally lying in the range -1<n<1. The model is
completed by the computation of the hori-
zontal (log time) shift factor (aT) to reach
the correspondence between the curve ob-
tained at the given temperature T and the
one  at  the  reference  temperature  Tref as
shown in eqn. 9:
(9)
Some  authors  discussed  the  validity  of
Arrhenius law linearity to explain reaction
rates and time-temperature effects (Brown
1982,  Agrawal  1985,  Hutchinson  1995,
Struik 1997). However, in the case of sam-
ples  free  from  external  loads  during  the
thermal modification and at quite low tem-
perature,  there  is  no  doubt  on  the  rele-
vance of the law application. Besides, oth-
ers  authors  have  applied  the  model  to
structural modification such as  Repellin &
Guyonnet (2005).
Results and discussion
In this section, the Arrhenius law applica-
bility  is  verified  and  the  evolution  of  the
physical  and  mechanical  properties  with
treatment temperature and duration is re-
ported;  both  experimental  and  modelled
data  are  shown.  The  parameters  used  to
perform the whole modelling are summa-
rized in  Tab.  S1  (Supplementary  material)
on the theoretical basis of Goli et al. (2014)
improved with  the pre-exponential  factor
dependency to temperature as presented
in the following subsection.
Kinetic analysis
An observation of the Arrhenius plots of
the  moisture  content  evolution  is  pre-
sented in Fig. 2a; only this plot is shown out
of all the analyses performed for the sake
of brevity. As for the Arrhenius plots pres-
ent in the extensive works of Matsuo et al.
(2011,  2016), a simple non-modified Arrhe-
nius law could exhibit some weakness. To
be  more  specific,  the  non-modified  ap-
proach is  very  suitable when it  comes to
model evolutions in the range of tempera-
tures considered to identify the model (as
for the previously cited works) and its en-
ergy of activation. For instance, the model
accuracy is  R² = 0.968 for a non-modified
Arrhenius approach (Fig. 2a). Nonetheless,
several  authors  expressed limitations  and
advices to reconsider the application of the
non-modified Arrhenius law in favour to a
modified one (Ströfer-Hua 1990, Barbero &
Ford 2004,  Calvini  et  al.  2008).  Hence,  to
obtain a predictive model for temperature
out  of  the  temperature  domain  studied
(used for the identification), it is absolutely
necessary to improve the determination of
the kinetic law. To such purpose, the pres-
ent study introduces a new way to express
the  pre-exponential  temperature  depen-
dency, since it seems logical to consider a
constant energy of activation, constituting
a material property of the wooden species
for the considered property. Consequently,
the energy of  activation is  determined as
being the slope of the tangent at the cho-
sen reference temperature (here  Tref = 180
°C)  divided  by  the  universal  gas  constant
(R). Hence, here is considered a pre-expo-
nential factor function of the temperature
considered, as define by the eqn. 10.
(10)
where the pre-exponential factor has to be
identified experimentally and probably de-
pends  of  the  wooden  species,  as  sug-
gested  by  previous  works  (Matsuo  et  al.
2011, 2016).
Fig. 2b shows the identification obtained
using the EMC data and provides the evolu-
tion of the pre-exponential factor as (eqn.
11):
(11)
for  Tref = 180 °C. This pre-exponential tem-
perature dependency has been checked on
the  whole  properties  considered  in  this
study and results as very accurate for all of
them; those other plots are not presented.
All the kinetic models proposed for all the
properties, summarized in Tab. S1 (Supple-
mentary material), are considering this pre-
exponential dependency to temperature.
Colour modification
The effect of the thermal modification on
the samples colour  is  shown in  Fig.  1a.  It
has the effect to reduce considerably the
lightness (L*) by 53% (from 89 to 39),  re-
sulting in an important darkening (Fig. 1b).
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Fig. 2 - (a) Moisture content Arrhenius plot of the horizontal shift factor with different
fitting strategies: a global linear regression (dashed grey line) highlights how the lin-
ear approach without pre-exponential factor (A(T)/A(T-ref) = 1) can be limited and how
the use of a non-linear (purple continuous line) pre-exponential factor (A(T)/A(T-ref) ≠ 1)
can be used to improve the fitting; aT is the horizontal shift factor. (b) The perfect fit
of the model using the pre-exponential factor as linearly dependent of the treatment
temperature is displayed.
iF
or
es
t 
– 
B
io
ge
os
ci
en
ce
s 
an
d 
Fo
re
st
ry
k=A(T )⋅exp(− E aRT )
k=A⋅T n⋅exp(− E aRT )
aT=
tT
tT ref
=exp[ E aR⋅( 1T− 1T ref )]
k=A(T )⋅exp(− EaRT )
A(T )/A(T ref )=0.0078⋅T
Kinetic analysis of thermal modified poplar wood
This darkening leads to an increase in Eab*,
which is mainly driven by a decrease in L*,
since the variations of  a* and  b* are rela-
tively  less  important.  On the  other  hand,
while  L* presents a continuous reduction,
the a* and b* chromatic parameters result
in more complex behaviours, increasing at
a  first  stage  and  decreasing  in  a  second
stage; this is the result of a first oxidation
reaction followed afterward by a degrada-
tion  of  the  constitutive  hemicelluloses
polymers. The hemicelluloses starts to de-
cay at about 120 °C (Tjeerdsma et al. 1998),
through a deacetylation process that cre-
ates  acetic  acid  acting  as  a  catalyser  for
subsequent  depolymerisation  (Fengel  &
Wegener 1989, Tjeerdsma et al. 1998) and a
lignin reticulation (Stamm 1956,  Tjeerdsma
et al. 1998, Repellin & Guyonnet 2005). Em-
sley & Stevens (1994) indicates that the cel-
lulose compound experiences a decompo-
sition process to furfural, then proceeds by
a series of rearrangement and elimination
reactions as also reported by Shafizadeh &
Peter (1977). Both a* and b* evolution are
the result of those different chemical reac-
tions  occurring  at  different  treatment
times;  they remain in  the CIE-L*a*b* red-
dish and yellowish areas leading to the or-
ange/brown colour.
For  a*  and  b*,  a  moderate  increase  of
their maximum value can be observed. Sev-
eral authors (Hutchinson 1995, Struik 1997,
Dlouhá  et  al.  2009)  observed such effect
and applied a vertical shift factor (usually
referred as bT) in addition to the more clas-
sical  horizontal  shift  factor  (in  log  time
axis); this effect is not taken into account
in  this  model,  since  it  has  not  been  fully
identified  over  a  wide  range of  tempera-
tures.
Physical properties modification
The relative reduction (%) of the oven-dry
dimensions  consecutive  to  the  thermal
modification are reported in Fig. 3. This re-
duction was measured separately for L, R
and T directions. As it can be observed, the
trends are very clear and the model follows
the experimental results.  The reduction is
conspicuous for T and R directions, while it
is negligible in the L direction. The ratio be-
tween T and R reduction is about 2, being
the same as the T over  R ratio of  drying
shrinkage  coefficients  for  unmodified
wood. These data confirm that hemicellu-
loses  suffer  a  larger  thermal  degradation
compared to the other wood constituents,
considering their dominant contribution to
the drying shrinkage in the transverse di-
rections. On the other hand, the longitudi-
nal bonds of wood are less affected since
the shortening in  this  direction is  negligi-
ble. The relative reduction in volume (%) at
dry  state shows a  trend very  similar  to T
and R directions with an excellent accuracy
of the model. Oven-dry mass and oven-dry
density  show  the  same  behaviour,  high-
lighting how the main physical  properties
exhibit  the  same  trends  and  how  the
model  presents  a  good  agreement  with
the experimental data.
The high accuracy of the model, that fits
well  with  different  temperatures  ranging
from 90 to 180 °C, shows how the ongoing
reaction  is  the  same  but  made  faster  or
slower because of  the effect  of  tempera-
ture. In this case, as for the other proper-
ties studied, the time/temperature equiva-
lency  is  effective:  different  temperatures
can result with the same effects in differ-
ent amount of time.
Moisture relations modification
As shown in  Fig. 4, the moisture content
at  different  equilibrium  conditions  de-
creases significantly with the thermal mod-
ification  intensity.  The  longer  the  treat-
ment  duration,  the  lower  becomes  the
EMC; and the higher the treatment temper-
ature,  the  faster  the  EMC  reduction.  The
EMC reduction is generally ascribed to the
degradation of hemicelluloses that leads to
a reduction of hydroxyl groups and then to
a lower capacity  of  the cell  wall  to bond
with  water.  Crosslinking  between  mole-
cules can also be part of the reason of re-
duction of water bonding sites.  Esteves &
Pereira  (2009) have  also  shown  an  en-
hanced inaccessibility of cellulose hydroxyl
groups to water molecules due to the in-
crease of cellulose crystallinity.  Repellin &
Guyonnet  (2005) studied  the  swelling  of
heat-treated  beech  wood  by  differential
scanning calorimetry in relation to chemi-
cal composition, and concluded that the re-
duction of wood swelling could not be at-
tributed only to the disappearance of  ad-
sorption sites by hemicellulose destruction,
but  other  phenomena  such  as  structural
modifications  and  chemical  changes  of
lignin  might  also  play  an  important  role.
Fig.  4 also  shows  the  behaviour  of  the
shrinkage coefficients (β) in R, T, and L di-
rections as determined from eqn. 4. The to-
tal shrinkage gradually decreases with the
treatment intensity and it decreases faster
at higher temperatures, showing a behav-
iour  in  line  with  the  expectations  and  a
good predictability by the model. The spe-
cific  shrinkage  coefficients  (βs)  as  com-
puted from eqn. 5 are also reported in Fig.
4:  the  T  shrinkage  coefficient  is  almost
twice as the R shrinkage coefficient, while
the L is negligible (this behaviour is in line
with the expectations). It is not surprising
that  the  specific  shrinkage  coefficients
does not vary significantly with the treat-
ment temperature and duration while the
total  shrinkage coefficients (β)  decreases,
the  EMC also decreases. This statement is
supported  by  Hill  (2006) and  Hill  et  al.
(2012) and  finds  its  rationale  in  the  fact
that, even if sorption sites are lost during
thermal modification, in order to get to the
same  shrinkage  or  swelling,  the  same
amount of water must be lost or adsorbed.
As a direct consequence, it is important to
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Fig. 3 - Physical properties,
measured at dry state, evo-
lution over treatment dura-
tion for different modifica-
tion temperatures. The
markers are the experimen-
tal data while the lines are
the identified model. The
time axis scale is logarith-
mic.
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consider that the observed increase in di-
mensional stability (largely exposed in liter-
ature) is mainly due to a general reduction
of the equilibrium moisture content.
As  regards  the  hygrothermal  behaviour,
the control samples (untreated) studied in
this  paper  exhibit  a  sorption  behaviour
that  leads  to  the  following  GAB  coeffi-
cients: wm= 5.1%, K = 0.74, and C = 11.0. The
fitting performed to identify the GAB coef-
ficients  for  the  different  moisture  con-
tents, the treatment durations, and the dif-
ferent  temperatures  highlights  that  GAB
coefficient  wm is  influenced  by  the  heat
modification,  while  both  the  GAB  coeffi-
cients  K and  C remain  unchanged regard-
less  of  the  temperature  and  duration  of
the treatment. In Fig. 5a, the EMC of poplar
wood treated at 180 °C for different dura-
tions is reported for an isotherm at 24 °C. It
clearly shows how modified wood presents
a lower EMC than the control and how the
treatment  duration  affects  the  EMC  de-
crease.  The effect  is  the same for  all  the
tested modification temperatures. This is a
very  important  factor  for  modified  wood
because a generally lower EMC results in a
better resistance to biological degradation.
It can also be noted how the EMC reduction
is  higher for  high  RH than for  low  RH.  In
Fig. 5b, the evolution of  wm with different
treatment  temperatures  and  durations  is
shown. The trends clearly shows how the
kinetic analysis can be successfully applied
also to GAB coefficients.
Mechanical properties modifications
The changes in mechanical properties due
to thermal  modification,  measured at  dry
state, are reported in Fig. 6.
As a general rule the mechanical perfor-
mances are markedly reduced by the ther-
mal modification. The higher the treatment
duration,  the  higher  the  reduction.  The
temperature,  as  for  the  other  processes,
accelerates the reaction. This reduction di-
rectly  depends on  the cell  wall  loss,  that
has  a  negative  effect  on  the  stiffness
(MOE) both in L and R directions. This be-
haviour is widely described in the literature
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Fig. 4 - Moisture relations vs. treatment temperature and duration (time axis is in logarithmic scale). Symbols represent the experi-
mental data, while the lines are the identified model. (a) Equilibrium Moisture Content (EMC) measured at 35%, 52%, 63% and 85% of
relative humidity and 20 °C. (b) Values of the shrinkage coefficients (β) and specific shrinkage coefficients (βS) in the main anatomi-
cal directions (R, T and L) measured passing from the equilibrium condition with 85% RH and 20 °C to the oven dry state.
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Fig. 5 - (a) Adsorption isotherm of a sample thermally modified at 180 °C at different
durations. Sorption curves (plain lines) arise from a GAB sorption model identified on
the experimental data (dots).  (b) Evolution of  the GAB model coefficient  wm over
heat treatment time (horizontal axis, in logarithmic scale) and duration; symbols rep-
resent the experimental points and the lines are the identified model.
Kinetic analysis of thermal modified poplar wood
(e.g., Beall & Eickner 1970, Nilsson & Rowell
2012).  Several  research  works  report  the
fact  that  thermal  modifications  improve
the  stiffness  of  the material  in  the  initial
phase  (Esteves  &  Pereira  2009)  before
dropping drastically afterward. It is worth
pointing  out  that  the  experimental  data
shown in Fig. 6 are not exhibiting such be-
haviour.  The  above  authors  believe  that
this  behaviour is  a direct consequence of
the dry state condition prepared for test-
ing  the  specimen.  The  thermal  modifica-
tion results in loss of cell wall material but
also in a decreased EMC that could result in
an  apparent  stiffness  increase.  Thus,  the
conclusions  on  the  increase  of  the  initial
stiffness generally  observed by the afore-
mentioned  authors  has  to  be  mitigated,
since  the moisture  content  is  reduced  as
well during the heat treatment. In order to
understand  the  role  of  cell  wall  loss  and
EMC variation on the stiffness at low modi-
fication rates, the stiffness measured at dry
state was corrected according to the em-
pirical  model  proposed  by  Guitard  (1987)
and reported in eqn.  12  (see below).  The
stiffness at 20 °C of temperature and 65%
of relative humidity MOELEMC was then com-
puted  according  to  the  EMC levels  mea-
sured in this work as follows (eqn. 12):
(12)
As  shown in  the Fig.  S1  (Supplementary
material),  the oven dry stiffness does not
increase at low modification rates but re-
mains constant before decreasing. On the
other  hand,  the  apparent  stiffness  com-
puted  at  standard  environmental  condi-
tions (20 °C of temperature and 65% of rela-
tive  humidity)  increases  at  low  modifica-
tion rates as a consequence of  the mois-
ture content reduction due to the thermal
modification.  According  to  Esteves  &  Pe-
reira (2009), some authors explain the in-
creased stiffness by the increase of  cellu-
lose  crystallinity.  Because  this  behaviour
was  not  observed  in  our  experimental
work at dry state, only the variation of the
equilibrium moisture content seems to jus-
tify  the  initial  improvement  in  stiffness.
Similar conclusions could be drawn on the
strength trend and other mechanical prop-
erties when an apparent improvement for
low modification rates is reported (Finnish
ThermoWood Association 2003). 
To summarize, during the thermal modifi-
cation: (a) for low modification rates (un-
der 5% of mass loss), the stiffness reduction
because of  the cell  wall  degradation can-
not compensate the stiffness increase due
to lessening of moisture content, resulting
in  an  apparent  improvement  of  the  stiff-
ness;  (b)  for  higher  modification  rates
(greater than 5% of mass loss), the trend is
reversed because the cell wall degradation
has  a  stronger  impact  than  the  moisture
content  reduction  on  the  apparent  stiff-
ness. As regards the natural aging of wood,
some authors (Kohara 1952, Obataya 2007)
gave the same conclusions about the im-
provement  of  the  mechanical  properties
during the first 300 years of natural aging
before a drop of the performances.
The  strength  (MOR)  is  lowered  severely
as  well,  e.g.,  by  80%  while  the  MOE had
been reduced by about 30% at the end of
the 168 hours of heat treatment at 180 °C.
MOR can drop until  being almost  null  for
very  extreme  treatments  (high  tempera-
ture  and/or  long  exposure  time).  Several
authors studied the strength modification
after  heat  treatment  (Winandy  &  Lebow
2001,  Froidevaux et al. 2012) and observed
the  same  effects.  The  maximal  strain  at
breaking and the energy needed to break
the samples in flexural tests are provided
in Fig. S2 (Supplementary material); those
properties  exhibit  the  same  trends  than
the  MOE and the  MOR.  The kinetic  model
proposed  and  fitted  to  the  experimental
data follows very accurately the mechani-
cal properties over treatment duration and
temperatures.
Properties relations to mass loss
The property modifications occurring un-
der  thermal  modification  in  conventional
oven can be also related to mass loss. This
is  important  because  mass  loss  is  one of
the  easiest  parameters  to  be  measured
during the treatments and one of the best
indicators  of  treatment  intensity,  as  re-
ported by Candelier et al. (2016). Hence, all
relevant properties (those significantly af-
fected  by  heat  treatment)  are  plotted
against mass loss variation in Fig. S2 (Sup-
plementary  material).  The  relation  be-
tween mass loss and a given property vari-
ation can be very different depending on
the property considered: monotonous and
linear  relationships  are  observed  in  some
cases or much more complex relations in
others.  First,  the  modifications  are  all
iForest 11: 131-139 137
Fig. 6 -  Longitudinal  (left column) and radial (right column) mechanical properties
evolution over modification time (horizontal axis, in logarithmic scale); symbols repre-
sent the experimental points and the lines are the identified model.
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strongly related to the mass loss; second,
the heat treatment temperature does not
produce  significant  differences,  since  all
experimental points, whatever the temper-
ature,  are  overlapping.  The  trends,  being
independent  on  the  temperature,  clearly
confirm the time-temperature equivalency
principle.  For  several  property  variations,
such as oven-dry dimensions, oven-dry vol-
ume, and oven-dry density, the trends are
very close to linearity up to very large mass
loss rates; in those specific cases, a linear
approximation is provided in the graphs al-
lowing to compute the property variation,
from  a  measured  mass  loss,  in  an  easier
way than fully applying the kinetic models
proposed in this work. For the other prop-
erties,  the  behaviour  could  be  simplified
with a linear relation but up to 5% mass loss
only. The absence of a linear trend above
that  level  suggest  that  the properties  do
not follow the same kinetics and that heat
treatments  are  complex processes  to  un-
derstand and control.
Nevertheless,  the  kinetic  model  seems
not to be perfectly accurate to predict the
variations of few properties such as mois-
ture  content,  swelling/shrinkage  coeffi-
cients, and strain at break for mass losses
greater  than  20%.  These  unexpected  re-
sults, concerning a limited number of con-
ditions, are possibly due to experimental is-
sues since an increase of the moisture con-
tent appears not plausible.
Conclusions
The  present  work  has  made  an  assess-
ment of the changes of most properties of
poplar  wood  when  subjected  to  thermal
modification  applied  with  different  tem-
peratures and durations in a conventional
atmosphere. The variation of the physical
and  mechanical  properties  as  well  as  the
wood-moisture  relations  were  modelled
with  a  modified  Arrhenius  law  approach
and a pre-exponential dependency to tem-
perature was identified; the model parame-
ters identifications for each properties are
summarized in the Tab. S1 (Supplementary
material). The proposed models showed a
very  good  ability  to  describe  the  experi-
mental data for temperatures ranging from
90 to 180 °C. This approach has shown to
work well  up to 260 °C (Goli  et  al.  2014).
The kinetic model proposed is evidently ac-
curate  for  colour,  mass  loss  and  hydric
shrinkage. However, a noticeable deviation
was observed in hygroscopic and mechani-
cal parameters for heating at low tempera-
tures (90 °C). This could be due to different
chemical reactions occurring at higher tem-
peratures compared to those at lower tem-
peratures;  this  statement  should  be  miti-
gated by the few data obtained to check
the model  reliability  at that low tempera-
ture,  because of  the very  long treatment
duration  (10 months  of  treatment has  al-
lowed  only  to  obtain  4  experimental
points).
This  kind  of  model  could  be  profitably
used  in  industry  to  predict  any  property
variation resulting from a treatment rang-
ing  between  the  experimental  maximal
and minimal temperature. The good agree-
ment of the data from 90 °C to 180 °C with
the  model  predictions  shows  how  the
chemical  degradation processes occurring
at the different temperatures are not very
far the one from the other. However, the
present study highlights the fact that prop-
erties  are  modified  at  different  time and
with  different  kinetics  during  the  heat
treatment. Moreover, the good fit of very
low  treatment  temperatures  with  the
other data suggests that possibly the ther-
mal modification of wood cannot be con-
sidered very far from conventional aging of
wood. 
The  model  proposed  could  help  model-
ling the whole set of properties variation in
a  given  material  for  any  industrial  treat-
ment, even though it has some limitations
in  terms of  risk  of  fire  under  such condi-
tions.  Our  results  demonstrates  that  it  is
possible to target  a  specific  final  product
quality  and  to  choose  the  suitable  treat-
ment to apply. The direct transposition of
the results of this work to actual industrial
wood  modification  processes  is  currently
ongoing under steam environment.
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Tab.  S1 -  Settings  of  the  modelling  per-
formed according to Goli et al. (2014). 
Fig.  S1 -  Effect  of  the  moisture  content
reduction on the apparent stiffness at nor-
mal  conditions  (65%  RH  and  20  °C)  com-
pared to the oven dry  state stiffness (0%
MC). 
Fig.  S2 -  Dependencies  of  the  different
studied properties on the mass loss.
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